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Kaposi’s sarcoma-associated herpesvirus (KSHV) is a novel human herpesvirus closely linked to two AIDS-related neo-
plasms. We have prepared DNA from KSHV virions produced in cell culture and have examined the structure of the viral
genomic termini. As in the related simian herpesvirus H. saimiri (HVS), the central unique region of KSHV DNA is bounded
by tandemly repeated units of noncoding, GC-rich DNA. The KSHV repeats are 803 bp in length and are 85% G/C. Each
molecule harbors 35–45 such repeats, but the repeats are not arrayed uniformly and symmetrically at each end. Rather,
different molecules appear to contain different numbers of repeats at each end, with the sum total of repeated DNA per
genome being relatively fixed, since the full genome is uniformly 165–170 kb. Thus, molecules with many repeats at one
end will have fewer at the other. Because the unique viral genes bordering the left-hand repeats of the HVS genome play
key roles in oncogenesis, we also examined the coding organization of the corresponding region of KSHV. No homologs
of the HVS transforming genes were identified in this region of KSHV; rather, this region bears a novel gene encoding a
putative transmembrane protein that appears to be upregulated during the early phase of lytic viral replication. q 1997
Academic Press
INTRODUCTION and B cell lymphomas reveals KSHV to be a member of
the gamma (lymphotropic) herpesvirus subfamily, with
Kaposi’s sarcoma (KS) is a complex endothelial neo-
its closest well-characterized relative being herpesvirus
plasm classically described as a rare tumor of elderly
saimiri (HVS), a simian T-lymphotropic agent (BankierMediterranean men; more recently, KS has been identi-
et al., 1985; Albrecht et al., 1992). For example, strongfied as the most common neoplasm of AIDS patients
colinearity with the HVS genome was found in a 20-kb(Beral et al., 1990; Ensoli et al., 1991). The epidemiology
region from KSHV (Moore et al., 1996). Pulsed-field gelof AIDS-related KS (Beral et al., 1990; Beral, 1991) sug-
electrophoresis of DNA extracted from purified virionsgests that an exogenous, sexually transmissible factor
reveals the KSHV genome to be similar in size to that ofis involved in the etiology of the neoplasm. Efforts to
HVS (ca. 165–170 kb), although some semipermissiveidentify this factor have led to the identification, in tumor
or nonpermissive tumor cell lines appear to harbor formssamples, of DNA of a novel herpesvirus, termed KS-asso-
of viral DNA up to 270 kb in size (Mesri et al., 1996;ciated herpesvirus (KSHV) or human herpesvirus 8
Moore et al., 1996; Renne et al., 1996a). As in other gam-(Chang et al., 1994). KSHV DNA sequences are found in
maherpesviruses, the latent KSHV genome appears tovirtually all KS tumors (Ambroziak et al., 1995; Moore and
be in a circular conformation, while the encapsidatedChang, 1995; Schalling et al., 1995; Chuck et al., 1996),
products of lytic replication are linear (Renne et al.,and serologic evidence of KSHV infection tracks closely
1996a).with KS risk (Gao et al., 1996; Kedes et al., 1996). Viral
In HVS, the coding regions of the genome are flankedsequences are also found in latent form in certain rare
by multiple terminal repeats of a 1.4-kb GC-rich se-AIDS-related B cell lymphomas (Cesarman et al., 1995;
quence arranged in a head to tail array (Bankier et al.,Renne et al., 1996a,b), and a cell line (BCBL-1) derived
1985). Although the numbers of repeat units at each endfrom one such lymphoma has been shown to support
are variable, the sum total of repeat DNA is relativelyefficient lytic replication of KSHV following phorbol ester
fixed (at ca. 35 repeat units), indicating that genomesstimulation (Renne et al., 1996b).
with more repeats at one end have fewer at the other, anSequencing of viral DNA cloned from both KS tumors
inference that has been sustained by direct microscopic
visualization (Bornkamm et al., 1976). Importantly, the
1 To whom correspondence and reprint requests should be ad- unique sequences at the left-hand end of the HVS ge-dressed at the Department of Microbiology, Box 0414, University of
nome (immediately adjacent to the repeats) contain theCalifornia, San Francisco, CA 94143. Fax: (415) 476-0939. E-mail:
ganem@socrates.ucsf.edu. coding information involved in viral oncogenesis, as well
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as encoding numerous small nuclear U-like RNAs ex- gested with the appropriate enzymes, and finally sepa-
rated on 20-cm 0.6% agarose gels. For ethidium bromidepressed in viral latency (Lee et al., 1988; Murthy et al.,
1989; Jung et al., 1991). (EtBr) visualization, the supernatant from at least 50 mil-
lion cells was used.The organization of the KSHV termini has not yet been
examined in detail. Recently the sequence of the KSHV
Plasmidsgenome was determined from a B cell lymphoma line
(BC-1) (Russo et al., 1996). This revealed the presence
The overrepresented 800-bp NotI fragment from virion
of GC-rich repeats in the viral genome, but analysis of
DNA was isolated from an agarose gel and ligated into
the fine structure of the genome was complicated by the
the NotI site of pBSII SK/ to yield pML1. To make pML2
presence of a 60-kb duplication of unique sequences in
and pML3, virion DNA was digested with BamHI and
the middle of the repeat sequences in this isolate. Here
NotI and ligated into pBSII SK/ also digested with BamHI
we present an analysis of the structure and coding orga-
and NotI. The resulting colonies were transferred to a
nization of encapsidated KSHV DNA from virions pro-
nylon membrane and hybridized to the insert from pML1.
duced by the BCBL-1 cell line, which does not contain a
Approximately 20% of the colonies hybridized and of
large genome duplication in the repeat sequences. Our
these there were two predominant patterns upon restric-
results indicate that the KSHV termini are indeed orga-
tion digestion, a 2.2- and a 4-kb insert. One of each was
nized into HVS-like tandem repeats; however, the left-
picked and labeled pML2 and pML3, respectively.
hand end of unique viral DNA contains no homologs of
To isolate clones from the unique region that were
the HVS transforming proteins. In their place is a novel
not contained in the lambda clones previously isolated,
open reading frame with sequence features of a trans-
purified virion DNA was digested with BamHI, separated
membrane protein, but this protein appears to be upregu-
on a 0.6% agarose gel, transferred to a nylon membrane,
lated during lytic replication and is not inhibited by phos-
and hybridized with a probe cocktail made using the
phonoformic acid (PFA), features classically associated
Rediprime labeling kit (Amersham). The probe cocktail
with early or immediate early genes.
was made using lambda clones 4, 24, 32, 39, 35, 13, 6,
5, and 21. The membrane was exposed to film ca. 48 hr.
MATERIALS AND METHODS Another probe was then made using purified virion DNA,
labeled using the Rediprime labeling kit, and hybridizedCells and plasmids
to the blot previously used. A 14-kb band that hybridized
The cell line used in the majority of these studies is to the virion DNA probe but not to the lambda clone
BCBL-1, a B cell line derived from an AIDS-related body probe was gel purified and subsequently digested with
cavity-based lymphoma; it contains KSHV in a predomi- SacI and ligated with pBSII SK/ also digested with SacI.
nantly latent form and is described in detail elsewhere The resulting colonies were screened by SacI digestion
(Renne et al., 1996a). Ramos cells are an Epstein–Barr and two patterns were seen. The first was a ca. 100-bp
virus-negative, KSHV-negative Burkitts’ lymphoma cell fragment called pML4 and the second a 3-kb fragment
line (Klein et al., 1975). Lambda clones 4, 24, 32, 39, 35, called pML5.
13, 6, 5, and 21 were derived from a library made from
a primary KS tumor and described previously (Zhong et Southern blot analysis
al., 1996).
Virion DNA that had been digested and separated on
a gel was blotted overnight to a nylon membrane (Hy-Virion DNA
bond N; Amersham). The DNA was UV cross-linked to
the membrane and prehybridization was done at 657 inVirion DNA was purified from BCBL-1 supernatant as
follows: Cells were split to approximately 2.5 1 105 cells Church buffer (0.5 M NaHPO4 , 7% SDS, 1% BSA, and 1
mM EDTA). Probes were made from the unique terminiper milliliter and 12–24 hr later 12-o-tetradecanoylphor-
bol-13-acetate (TPA) was added to a final concentration by digesting pML2 or pML3 with SacII and BamHI. SacII
cuts multiple times in the terminal repeat region con-of 20 ng/ml. Five to seven days postinduction cells were
centrifuged at low speeds and the cell-free supernatant tained in these clones but not in the unique portion of
these clones. The resulting 2- and 4-kb fragments (whichwas subsequently centrifuged at 15,000 rpm for 2 hr in
an SW28 rotor. The medium was removed and the virion contain a small number of bases of the repeat, less than
100 nucleotides in the case of the left-hand end, enoughpellet was resuspended in micrococcal nuclease buffer,
and 1 unit/ml micrococcal nuclease was added and incu- to detect hybridization to the 803-bp overrepresented
NotI fragment but not the terminal repeats in the ladder)bated at 377 for 45 min. A 20-fold excess of EGTA was
added and the micrococcal nuclease was heat dena- were gel purified and labeled using a random label pro-
cedure (Rediprime; Amersham).tured for 15 min at 807. Then, 21 lysis buffer was added
and the virions were protease K treated at 377 overnight. Hybridization to the first probe was done in Church
buffer at 657 overnight and the blot was washed inThe DNA was phenol extracted, ethanol precipitated, di-
AID VY 8713 / 6a41$$$301 08-13-97 22:02:59 vira AP: VY
149KAPOSI’S SARCOMA-ASSOCIATED HERPESVIRUS
Church wash (0.04 M NaHPO4 , 1% SDS, 1 mM EDTA) at
657. Finally the blot was exposed to Kodak XAR5 film
overnight. Following exposure the blot was stripped in
low-salt buffer and reprobed with the second probe as
above.
Isolation of lambda clones
A library of lambda clones with inserts from a primary
pulmonary KS tumor was made previously (Zhong et al.,
1996). This library was screened with pML2, pML4, and
pML5 as before (Zhong et al., 1996). Isolates were plaque
purified two more times and DNA was isolated and re-
striction mapped. Two overlapping lambda clones, 101
and 102, were isolated that hybridized to pML4, pML5,
or pML2.
Northern blot analysis
For analysis of ORF K1 transcription, BCBL-1 cells (Re-
nne et al., 1996a) and BCBL-1 cells treated with PFA (0.5
mM ) for at least 3 days prior to induction were split
into identical flasks, at 3 1 105 cells/ml, and either left
unstimulated or induced with TPA to 20 ng/ml. Forty-
eight hours after induction total RNA was harvested using
FIG. 1. Agarose gel electrophoresis of KSHV virion DNA digested
RNAzol B as recommended by the manufacturer (Tel- with restriction enzymes and stained with ethidium bromide. Virion
Test, Inc., Friendswood, TX). Three hundred micrograms DNA was purified from particles concentrated from the supernatant of
ca. 5 1 107 cells, then digested with BamHI (lane 1), SacI (lane 2), orof each RNA sample, uninduced and induced with and
NotI (lane 3) and separated on a 0.6% agarose gel.without PFA treatment, was used for poly(A) enrichment
using the Oligotex mRNA purification system (Qiagen).
RNA was separated on a 1% agarose, 17% formaldehyde gested with restriction endonucleases, and separated on
gel, transferred to Hybond N nylon membrane in 101 a 0.6% agarose gel. As shown in Fig. 1, a number of
SSC for 5 hr, and UV cross-linked. The 714-bp BstXI discrete bands can be seen after staining with ethidium
fragment from pML2 was gel purified and labeled using bromide. BamHI and SacI both give complex but repro-
randomly primed DNA synthesis. Hybridization was done ducible patterns of bands, while NotI yields primarily a
as before and the blot was exposed to Kodak XAR5 film small number of large fragments (a number of the bands
for 72 hr. A probe made from actin cDNA was also la- were isolated and confirmed to be viral DNA by both
beled and was used to hybridize to the same blot. After sequence analysis and hybridization to cloned KSHV se-
being washed, the blot was exposed to Kodak XAR5 film quences; data not shown). Both the BamHI and the SacI
for 24 hr with screen. For analysis of transcription from digests yield a prominent but somewhat heterogeneous
the terminal repeat, RNA from RAMOS cells and from band around 30 to 40 kb. This band is not seen in the
BCBL-1 cells both unstimulated and TPA stimulated, lane with the NotI-digested DNA. However, NotI diges-
were harvested, poly(A)-enriched, and blotted as above. tion produces a prominent band with a mobility around
The probe was made as above using the insert of pML1. 800 bp. The ethidium staining intensity of this band is
To make the sense-specific probe, pML1 was digested greater than that of the larger bands, indicating overre-
with SacI, and T7 RNA polymerase was used to make presentation of these sequences in the genome. Based
RNA in the presence of labeled UTP. The hybridization on the sequence organization of HVS, we speculated that
and washing was done as above. The blot was exposed this species might represent the terminal repeat of the
to film overnight with a screen. KSHV genome. This band was purified from a gel and
cloned, yielding plasmid pML1.
RESULTS The insert from pML1 was subcloned and its DNA
sequence was determined (Fig. 2 and GenBank Acces-Cloning and primary structure of the terminal repeats
sion No. U86666). It was found to be 803 bp in length
with an 85% GC content. Notably, the terminal repeatsVirions from the supernatant of BCBL-1 cells were iso-
lated by high-speed centrifugation and micrococcal of HVS have a GC content of ca. 75%. The overrepre-
sentation of the 803-bp NotI fragment and its high GCnuclease treated to digest any unencapsidated nucleic
acid. The virion DNA was subsequently extracted, di- content makes this repeat element a likely candidate
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to the NotI repeat; once the left-hand border was ob-
tained, we could then ‘‘walk’’ centrally to recover the miss-
ing KSHV sequences. Virion DNA was therefore digested
with NotI and BamHI (which does not cut in the repeat)
and cloned into a vector cut with these two enzymes; this
library was then screened with a probe corresponding to
the repeat (pML1). Two classes of positive clones were
obtained, as expected if the NotI repeats were derived
from the termini. One of these, represented by pML3,
hybridized to a previously isolated clone (lambda 4)
known to contain the region corresponding to the right-
hand end of the genome (Zhong et al., 1996). The other
class of clones, represented by pML2, did not hybridize
to any of the lambda clones of KSHV previously isolated
by our laboratory (Zhong et al., 1996), consistent with it
representing the left-hand end of the genome.
To clone the remainder of the missing region of the
KSHV genome, a BamHI digest of KSHV virion DNA was
separated on a 0.6% agarose gel, transferred to a nylon
membrane, and hybridized to a pooled probe made up
of all of our previously isolated lambda clones of KSHV.
After exposure to film the same blot was hybridized to
radiolabeled KSHV virion DNA and the two patterns were
compared. The virion DNA probe hybridized to a 15-kb
band that was not detected when the blot was hybridized
to only the cloned DNA pool, indicating that this band
contained sequences not present in the portion of the
genome previously cloned. This 15-kb band was gel-
purified and its constituent SacI fragments were sub-
cloned. One of these subclones (termed pML4) contained
only a 100-bp insert; sequencing of this clone revealed
FIG. 2. Nucleotide sequence of the 803-bp NotI repeat. The sequence clear homology to glycoprotein B of HVS. The gB gene
has been deposited in GenBank (Accession No. U86666). is located in the left-hand portion of the HVS genome,
strongly suggesting that we had indeed recovered KSHV
DNA from the left-hand region. pML4 and pML2 werefor the terminal repeat sequence. Proof that this repeat
then used as probes to recover additional lambda clonesindeed derives from the genomic termini will be pre-
from our genomic KSHV library; this yielded two lambdasented below.
clones (101 and 102) that covered ca. 20 kb of sequence.
Restriction mapping and limited DNA sequencing estab-Cloning of the termini of the KSHV unique region
lished the physical map shown in Fig. 3. Clones 101
and 102 do not overlap with any of the lambda clonesIn our first collection of KSHV genomic clones, which
we obtained by chromosomal walking from a central re- previously isolated from this library, indicating that a
small gap of uncloned viral sequences still remains; wegion of the genome (Zhong et al., 1996), we readily iso-
lated overlapping fragments extending to the right end estimate this uncloned region to be less than 5 kb. How-
of the unique region, as judged by comparison with the
genome of HVS. However, we were not able to obtain
any clones more than a few kilobases to the left of the
region homologous to HVS ORF 16; presumably, a seg-
ment of KSHV DNA in this region is not efficiently clona-
ble in Escherichia coli. To clone the left-hand end of the
KSHV genome another strategy was needed.
We reasoned that if the NotI fragment described above
indeed corresponded to a terminal repeat, then DNA
FIG. 3. Physical map of the left-hand end of KSHV DNA. Phage clones
flanking it should represent the left- and right-hand ends 101 and 102 were isolated from a genomic library from a pulmonary
of the unique portion of the genome. Accordingly, we KS tumor using pML2 and pML4. Also shown is the terminal repeat
pML1. Abbreviations: S, SacI; B, BamHI.decided to clone the genomic regions directly adjacent
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ever, pML2 overlapped both with the NotI repeat and with
101; sequence analysis of 101 showed that it contains
sequences colinear with sequences near the left end
of HVS. Taken together, these data show that the NotI
fragment is indeed a unit of the KSHV terminal repeat
and that pML2 and pML3 contain the overlap between
the terminal repeats and the left and right ends (respec-
tively) of the KSHV unique region.
Structure and size of the terminal repeats of KSHV
To examine the size and structure of the arrays of the
terminal repeats, we digested purified virion DNA with
either BamHI or SacI, which do not cleave in the repeat,
or NotI which does, and examined the resulting frag-
ments by Southern blotting, using a radiolabeled probe
from the 803-bp NotI repeat (data not shown). Cleavage
with either BamHI or SacI generates a very complex lad-
der of discrete bands increasing in size to a heteroge-
neous band of around 30–35 kb (this 30-to 35-kb band
comigrates with the similar band seen on the EtBr-
stained gel of Fig. 1). We next prepared probes corre-
sponding to unique viral DNA adjacent to the left and
right terminal repeats (see Materials and Methods for
details) and used them to probe a similar blot. For each
probe a separate ladder was seen when virion DNA was
digested with BamHI or SacI (Figs. 4A and 4B). The size
increment between bands in the ladders is ca. 800 bp.
These data thus indicate that in KSHV stocks the unique FIG. 4. Southern blot of virion DNA terminal arrays hybridized to
left- and right-hand regions are linked to variable num- probes from unique region termini. Purified virion DNA was digested
with BamHI (lane 1, A and B), SacI (lane 2, A and B), or NotI (lane 3,bers of terminal repeats. Since intact virion DNA is quite
A and B), separated on a 0.6% agarose gel, transferred to a nylonhomogeneous in length, it is likely that, as in HVS, mole-
membrane, and hybridized to a probe from the left unique terminus (A)cules with many repeats at one end have few repeats at
or the right unique terminus (B). Probes are described under Materials
the other (Bornkamm et al., 1976; Bankier et al., 1985). and Methods.
The band with the fastest mobility on each BamHI ladder
was exactly the size of the probe made from pML2 or
pML3 when digested with SacII and BamHI, indicating pML2 contains 311 bases of the terminal repeat, then 23
that the smallest band is the size of the unique terminal unique bases followed by a truncated terminal repeat
BamHI fragment with no repeat units attached. The size element (nt 86–130 of pML1). After this region the GC
of the uppermost band (between 30 and 35 kb) would content drops to 40%. The unique portion (which starts
correspond to around 35 to 45 tandem repeat units. There at nt 381) contains two large open reading frames and
was also some hybridization to the 800-bp fragment in a number of small open reading frames. The rightmost
the lane containing virion DNA digested with NotI, the large open reading frame is open through the end of the
result of the presence of a small number of base pairs region of DNA sequenced here. It contains at least 238
from the terminal repeat sequences in the probes (see codons. This predicted protein was homologous to HVS
Materials and Methods). ORF 4, a complement control protein homolog; it also has
strong homology to several cellular complement control
Sequence of the left terminus of the unique region proteins, most notably the complement decay accelerat-
ing factor as well as an analogous open reading frameSince the extreme left-hand end of HVS coding se-
in vaccinia virus.quences (i.e., those directly adjacent to the terminal re-
The other large ORF, designated ORF K1 (accordingpeat) encodes the major transforming functions of that
to a convention promulgated at the Gammaherpesvirusvirus, we speculated that similarly important functions
Satellite Session of the 21st International Herpesvirusmight be present in the cognate region of KSHV. We
Workshop) is 289 amino acids in length (Fig. 5A). ORF K1therefore determined the DNA sequence of clone pML2,
is not strongly homologous to any protein in the proteinwhich contains this region of KSHV (the sequences have
been deposited in GenBank, Accession No. U86667). database. Hydrophobicity analysis (Fig. 5B) reveals that
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has features of an early or immediate early gene. Though
there is a slight decrease in the ORF K1 message in the
presence of PFA, under similar conditions, the accumula-
tion of transcripts for known late genes (e.g., the viral
protease and assembly protein) is strongly inhibited by
PFA (Unal et al., in press). Although equivalent amounts
of RNA were poly(A) enriched for each lane, there is
slightly less actin mRNA when the sample was treated
with TPA in the absence of PFA (Fig. 6B).
Transcriptional analysis of the terminal repeats
Transcription from the terminal repeats was also ana-
lyzed. Radiolabeled probes made from the 803-bp NotI
repeat were hybridized to a blot containing poly(A)-puri-
fied RNAs from uninduced and induced BCBL-1 cells and
from KSHV-negative RAMOS cells. Probes hybridized to
a species around 250 nt in both uninduced BCBL-1 cells
and BCBL-1 cells induced to lytic growth with TPA (Fig.
FIG. 5. Sequence and hydrophobicity plot of ORF K1. (A) The amino
7, lane 1 and 2). However, a similar species is also pres-acid sequence of ORF K1 with the predicted signal sequence cleavage
ent in RAMOS cells, though at decreased levels (Fig. 7,site noted by an arrow and possible membrane-spanning domain in
boldface. These were identified using the program Psort (Nakai and lane 3). This species is strand specific inasmuch as it
Kanehisa, 1992). (B) Kyte and Doolittle hydrophobicity plot of ORF K1. hybridizes to a probe made from the sense strand of
pML1 but not to a probe made from the antisense strand
(data not shown). It is formally possible that the 250-nt
ORF K1 has a hydrophobic N-terminus consistent with a
signal sequence and a strongly hydrophobic C-terminal
region (aa 223–254) likely to represent a transmembrane
domain. Analysis of the N-terminal region reveals a likely
signal peptidase cleavage site at aa 18 [revealed by the
Psort program (Nakai and Kanehisa, 1992), using the von
Heijne method for signal peptidase site recognition (von
Heijne, 1986)]. These features strongly predict that the
ORF K1 product represents a type I transmembrane pro-
tein with a cytoplasmic tail of 35 to 43 residues. ORF K1
from BCBL-1 cells is 94% identical to the corresponding
gene sequenced in BC-1 cells.
Transcription of ORF K1
Next we examined the size and temporal regulation of
ORF K1 transcripts. Polyadenylated RNA was prepared
from BCBL-1 cells that were either uninduced or induced
to lytic replication by TPA treatment; in each case, the
cells were either treated or not treated with PFA, a known
inhibitor of viral DNA synthesis (Hayden, 1995). The po-
ly(A)-enriched RNA was separated on an agarose/formal-
dehyde gel, blotted to a nylon membrane, and hybridized
to a probe derived from ORF K1 (Fig. 6A). No ORF K1
transcripts could be seen in cells grown in the absence
of TPA, even with prolonged exposure of the autoradio- FIG. 6. Northern blot of BCBL-1 RNA hybridized to a probe from ORF
K1. 300 micrograms of total RNA from BCBL-1 cells that were uninducedgram. However, upon TPA induction an RNA species
(lane 1), uninduced in the presence of PFA (lane 2), induced with TPAmigrating around 1.3 kb is detected. This shows that ORF
(lane 3), or induced with TPA in the presence of PFA, was poly(A)K1 is strongly upregulated by TPA induction, similar to
enriched, separated on a 1% agarose/formaldehyde gel, and trans-
other known lytic gene products. The intensity of this ferred to a nylon membrane. The membrane was hybridized to a probe
band does not appear to be significantly altered in cells made from sequences in the ORF K1 gene (A). The same blot was
subsequently hybridized to an actin probe (B).induced in the presence of PFA, implying that ORF K1
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repeats at each end. We presume that the sequences
in the repeats contain the cleavage sites that release
individual genomes from the multimeric forms generated
by rolling circle replication, a cleavage which occurs dur-
ing DNA packaging. If so, then the relatively fixed amount
of repeat DNA per genome suggests that, as in other
herpesviruses, packaging occurs by a ‘‘headfull’’ mecha-
nism.
Not surprisingly, no obvious TATA boxes are identified
within these GC-rich repeats and we have not identified
any stable transcripts from this region that are clearly
of viral origin. Some cross-hybridization with abundant
cellular transcripts appears to occur, a result which is
not unexpected given the high GC content of the repeat.
One of these host RNAs (a 250-nt species) may be upreg-
ulated in viral infection, but the significance of this, if
any, is unknown.
Importantly, we identify in the coding regions adjacent
to the repeats no homologs of the HVS transforming func-FIG. 7. Northern blot of poly(A)-purified RNA from uninduced BCBL-
1 cells, TPA-induced BCBL-1 cells, and RAMOS cells hybridized to a tions. In fact, there is little conservation of any of the HVS
probe from the terminal repeat. Poly(A)-enriched RNA from uninduced coding organization at the left-hand end of the genome.
BCBL-1 cells (lane 1), TPA-induced BCBL-1 cells (lane 2), and RAMOS The main viral coding region in this interval appears to
cells (lane 3) was separated on a 1% agarose/formaldehyde gel, trans-
be a novel gene whose product is expressed in lyticferred to a nylon membrane, and hybridized to a probe from the terminal
infection but could not be detected by blot hybridizationrepeat (pML1).
during latency (of course, this result cannot exclude the
possibility of very low level expression in latency). The
RNA in BCBL-1 cells is a viral species originating from predicted protein has features (signal sequence, trans-
the repeats [there is no polyadenylation signal in the membrane domain) predictive of a transmembrane pro-
repeats but there is a stretch of 9 consecutive adenines tein but, interestingly, its temporal pattern of expression
which could be selected by oligo(dT)], though this seems has features of an early or immediate early gene since
unlikely since there is a transcript with the same mobility its accumulation is not inhibited by PFA. This suggests
in RAMOS cells. The increased signal intensity of this that it may not be an envelope glycoprotein (most of
RNA in BCBL-1 compared to RAMOS may represent sim- which are regulated as late genes) and leads us to envi-
ple variation in its abundance between different cell sion that it plays some other role in the life cycle. Possi-
lines, or it may indicate that accumulation of this cellular bilities include a potential role in modulating signal trans-
RNA is enhanced by KSHV infection. A probe from pML1 duction (e.g., to stimulate cellular and viral DNA synthe-
also hybridizes to a species with the same electropho- sis) or in the intracellular transport of host or viral
retic mobility as 28S RNA in RNA that is not poly(A) puri- proteins in the vesicular transport pathway. Many other
fied. This band is not strand specific and represents models for ORF K1 function can also be imagined; clearly,
cross-hybridization with rRNA. much additional experimentation will be required to clar-
ify the role it plays in KSHV infection.
Recently, Russo et al. (1996) presented their analysisDISCUSSION
of the sequence of the entire KSHV genome; their isolate
was cloned from another B cell line, BC-1. The viral ge-Since previous studies have not fully characterized the
repeat structure of the KSHV genome, we have examined nome in that cell line appears to harbor a genomic dupli-
cation since it is over 210 kb in size, much larger thatthe organization of the termini of KSHV in detail. Our
data indicate that they resemble those of HVS in their the size of virion DNA (165–170 kb) derived from BCBL-
1 cells, and progeny virion production in BC-1 is severelystructural organization but differ markedly in their coding
capacity. Like HVS, the ca. 140-kb unique region of KSHV limited following induction (Moore et al., 1996). Nonethe-
less, the coding organization of the left-hand end of theis bounded by multiple tandem copies of GC-rich, appar-
ently noncoding DNA. The KSHV repeats are shorter than viral DNA in that isolate closely resembles that described
here (ORF K1 has 94% amino acid identity between thethose of HVS (803 vs 1444 bp) but as in HVS there is
heterogeneity in the length of the repeat arrays at individ- isolates), although this degree of sequence divergence
is greater than that observed between other regions ofual genomic termini. Some molecules contain as few as
no or 1 repeat at one terminus and as many as 35–45 the KSHV genome (for example, the noncoding nut-1 RNA
is 100% identical between strains, as is the ORF 74 gene).at the other terminus; most, however, contain multiple
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Hayden, F. G. (1995). Antiviral agents. In ‘‘Principles and Practice ofIn fact, a third isolate, derived from a primary KS tumor
Infectious Diseases’’ (G. L. Mandell, R. G. Douglass, and J. E. Bennett,and being sequenced in another laboratory, also displays
Eds.), pp. 411–450. Church Livingstone, New York.
a terminal organization similar to that described here (F. Jung, J. U., Trimble, J. J., King, N. W., Biesinger, B., Fleckenstein, B. W.,
Niepel and B. Fleckenstein, personal communication). and Desrosiers, R. C. (1991). Identification of transforming genes of
subgroup A and C strains of herpesvirus saimiri. Proc. Natl. Acad.These data suggest that this region of KSHV, while
Sci. USA 88, 7051–7055.clearly different between isolates, may not be as variable
Kedes, D. H., Operskalski, E., Busch, M., Kohn, R., Flood, J., and Ganem,as its counterpart in HVS, where major differences in
D. (1996). The seroepidemiology of human herpesvirus 8 (Kaposi’s
coding capacity contribute importantly to differences in sarcoma-associated herpesvirus): Distribution of infection in KS risk
oncogenicity that occur between different isolates. None- groups and evidence for sexual transmission. Nature Med. 2(8), 918–
924.theless, the sequence divergences between ORF K1 re-
Klein, G., Beppino, G., Westman, A., Stehlin, J. S., and Mumford, D.gions of different isolates, if sustained in larger sequenc-
(1975). An EBV-genome-negative cell line established from an Ameri-ing studies, might be useful in epidemiologic studies of
can Burkitt lymphoma: Receptor characteristics. EBV infectibility and
KSHV infection. permanent conversion into EBV-positive sublines by in vitro infection.
Intervirology 5, 319–334.
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